Watermelon research in Southern Africa, has predominantly observed the clear existence of the sweet watermelon and cow melon forms of watermelon, cultivated on farm and even some occurring in the wild. Molecular characterization of 48 watermelon accessions collected from National Genebank of Zimbabwe using 9 SSR markers generated a total of 49 putative alleles. The average number of alleles detected by each primer was 5.4. Analysis of molecular variance within and among accessions of watermelons revealed that only 39% of the total variation resides between these two groups (cow-melons and sweet watermelons), 24% between accession within groups and 37% within accessions. Multivariate analyses employed provide evidence of the existence of introgression between sweet water melons and cow melons, as reflected by some accessions of cow melons, clustering into a hybridogenous group. Most of watermelon accessions within the hybridogenous group [A (II)] were collected from drier communal areas, while those accessions within the cow melon group [A (I)] are mostly from research centers. The separation of cow melons into distinct groups could be indicative of a possible formation of an isolated evolutionary unit.
Introduction
Watermelon is an economically important vegetable crop of the family Cucubitaceae, subfamily Cucubitoideae, tribe Benincaseae and subtribe Benincainae [1] .
The family consists of 119 genera with 825 species [2] . The species Citrullus lanatus (Thunberg) Matsumura and Nakai consist of two botanical varieties: C. lanatus var. lanatus, the cultivated watermelon widely grown around the world and C. lanatus var. citroides, a wild form found in Southern Africa and also cultivated for feeding animals [3] . Previously, the cultivated species C. lanatus included three subspecies: 1) lanatus, 2) vulgaris with two varieties, var. vulgaris and var. cordophanus, and 3) mucosospermus [4] .
The recent molecular phylogenetic analysis found that the three subspecies of C. lanatus were in fact unrelated species [5] . In their work, [5] and [6] echoed another suggestion that the genus Citrullus includes seven species: 1) C. lanatus with the sweet watermelon group as C. lanatus subsp. vulgaris, 2) C. amarus, also known as C. lanatus var. caffrorum or C. lanatus var. citroides, 3) C. mucosospermus, the "egusi" melon, previously treated as a subspecies of C. lanatus, 4) C. colocynthis, which is perennial and growing in northern Africa and adjacent Asia, 5) C. ecirrhosus, a tendril-less South African endemic, another perennial wild species, 6) C. rehmii, an annual wild species and 7) C. naudininus from the Namib-Kalahari regions.
According to [1] , C. lanatus var. lanatus (sweet watermelon) and C. lanatus var cirtoides (cow-melons), are the two major forms of watermelons that are native to southern Africa countries such as Botswana, Malawi, Republic of South Africa, Zambia and Zimbabwe. C. lanatus var. citroides is often cultivated in rural homes for human consumption through Nhopi (porridge made from their pulp), and stock feed [7] . The C. lanatus var. lanatus is cultivated extensively and it emerged as results of human intervention, selecting for reddish colour and sweetness. Both species are extensively distributed across Zimbabwe.
Currently several molecular markers have been used to assess the genetic diversity of watermelon. ISSR [8] , SSR [9] - [16] , SRAP [11] [17], EST-PCR [18] , and HFO-TAG markers [19] have been used to estimate the genetic relationship among cultivated watermelons and different Citrullus species. Studies by [13] and [19] revealed low levels of DNA polymorphism among cultivated watermelons but high genetic diversity among the Citrullus subspecies. [20] and [21] also revealed very low genetic diversity in cultivated watermelon. In [22] , wide variation was found within the local landraces whereas the genetic basis of the commercial type appeared to be narrow. The objective of the study is to use the SSR markers to examine the genetic relationships among some cultivated Zimbabwean watermelon genetic resources stored in the National Genebank, many of which were not part of the previous studies. Apart from assessing genetic relatedness, the study of the remaining watermelon accessions was done to complete the molecular characterization of the watermelon accessions from National Genebank of Zimbabwe.
Material and Methods

Plant Materials and DNA Extraction
A total of 48 accessions of Citrullus lanatus were obtained from National Genebank of Zimbabwe housed at the Genetic Resources and Biotechnology Institute of Zimbabwe. The accessions were originally collected from across the country in Zimbabwe (Table 1) and were not included in previous studies. The DNA extraction and SSR analysis was carried out at SLU Alnarp, Sweden. Five plants 
SSR Analyses
Nine SSR primer pairs originally published by [23] and previously employed by [1] [3] in Zimbabwe watermelon accessions, were used in this study ( Table 2 ).
These primers were previously screened and have been used to provide a basis for comparison across all watermelon accessions for future Zimbabwe.
Amplification reactions were performed in 10 µL, containing 0.1 of 5 U•µL agarose gels with subsequent visualization of fragment using UV illumination.
The size of the amplified products was calculated based on an internal standard (500ROXTM Size Standard; Applied Biosystems) using GeneMarker Software Version 1.85 (SoftGenetics, State College, PA, USA). 
Data Analysis
For single-locus evaluations of the SSR data, all SSR fragments were scored as allele size at each locus. The polymorphic information content (PIC) values for each locus were then calculated according to the formula:
where P i was the frequency of the i-th allele [24] .
Data from the nine SSR loci from 48 accessions were then collected into multi-locus profiles of allele size, and the resultant data matrix was used for subsequent analyses. The programme, GenAIEx 6 [25] was used to calculate the percentage of polymorphic alleles within each accession, the allele-specific F-statistics (F IS ), the expected heterozygosity (H E ), the observed heterozygosity (H O ), and Shannon's index of diversity (I). Testing short allele dominance was carried out by regression of allele-specific F IS statistics on allele sizes. A significant negative slope indicated that short allele dominance may be suspected [26] .
G ST values for genetic differentiations among accessions were calculated according to the formula:
where H T was the total genetic diversity and Hs was the mean within-accession diversity [27] .
Analyses of molecular variance (AMOVA), to estimate the partitioning of genetic variation at different levels, between sweet watermelons and cow-melons, between and within accessions, and between the USA and five African countries, were calculated using Arlequin Version 3.0 [28] . AMOVA calculations yielded an independent estimate (QST) of accession differentiation for comparison with Nei's G ST . Levels of similarity among and within accessions were also investigated using multivariate methods. Nei's genetic similarity matrix generated by GenAIEx 6 was used as an input matrix to construct a UPGMA cluster analysis with NSTSYS-pc Version 2.2 [29] . The distortion effect was estimated using a cophenetic correlation analysis. As a means to verify groups derived from the cluster analysis, and being more useful for data that lack a strong hierarchical structure, a principal co-ordinate analysis (PCO) was computed in GenAIEx 6.
Results
Polymorphism and Allelic Diversity of SSR Markers
Primer sequence information and the range of amplified product sizes among the watermelon accessions are presented in Table 3 . The 9 SSR markers generated a total of 49 putative alleles for the sampled watermelon population. The number of alleles detected by each primer set ranged from 2 to 13, with an average of 5.4.
The total number of alleles for the marker MCPI-07-M13 and MCPI-28-M13 loci produced the highest number of alleles 13 and 10 respectively, while the least marker MCPI-14-M13 produced only two alleles. PIC values ranged American Journal of Plant Sciences MCPI-37-M13, 50% of the citron watermelon landraces are expected to be heterozygous at the specific locus under random mating conditions; however 100%
of the genotypes at this locus were heterozygotes. This may be due to the high outcrossing nature of citron watermelon or mutation as at that specific locus (Table 4) .
Analysis of molecular variance (AMOVA) within and among the 48 accessions revealed that 39% of the total variation resided between the two major groups (i.e., cow-melon and sweet watermelon), 24% between accessions within groups, and 37% within accessions ( Table 5 ). The overall G ST for be- Table 5 . Partitioning of genetic variation using F ST and AMOVA on SSR data taking into account (a) no prior grouping of accessions, and (b, c) grouping into two major forms (cow-melons and sweet watermelons). 
Multivariate Analyses
A dendrogram using UPGMA analysis was constructed based on the corresponding genetic similarity coefficient among the tested 25 sweet watermelons and 23 cow melon populations (Table 2) . In this study, all the Citrullus species were grouped into two main clusters, with a similarity index of 48%, for the Citrullus lanatus forms of cow melons and sweet watermelons. 
Discussion
The nine loci used in this study where chosen based on previous information about their ability to produce unambiguously scored fragments and the level of polymorphism [1] [3] [23] . The nine primer pairs presented easily interpreted polymorphic amplification (Table 3) . A total of 49 alleles were detected on the nine microsatellites analysed. The number of alleles per locus ranged from 2 (MCPI-14 to 13 MCP-07), with an average of 5.4 alleles per locus on 48 watermelon accessions that is, 23 cow melons and 25 sweet watermelons (Table 3 ). The number of microsatellite markers capable of detecting polymorphism in this study was higher than reported by [1] , who produced a total of 43 alleles with an average of 4.8 alleles per locus with the same number of SSR primer pairs. The results from this study were higher possibly due to better variability among the samples than the one used by [1] . Similarly, these results were higher compared to the results reported by [9] of 4.7 alleles per locus, when seven SSR markers were assessed in 33 water melon accessions, including Citrullus lanatus var. lanatus, C. lanatus var. citroides and C. colocynthis. Furthermore, the allele mean described was higher than the results reported by [10] , [23] and [30] who found 3.6, 2.8, and 3.9 alleles per locus. However, the average alleles per locus for this study was lower than reported by [31] , where 72 alleles were detected with a mean of 7.2 per locus evaluated from 10 SSR markers. According to [32] , the application of highly polymorphic markers may lead to a slight overestimation of the diversity. American Journal of Plant Sciences According to [33] , the Polymorphic Information Content (PIC) is said to be an indicative of the marker quality in genetic studies. The PIC with value greater than 0.5 is considered very informative, with values between 0.25 and 0.50, medium informative, and values lower than 0.25 less informative. The PIC ranged from 0.73 in locus MCPI-14 to 0.98 in locus MCPI-07 (Table 3) . The results from this study had very high PIC value with the mean 0.87 suggesting to be very highly informative.
Analysis of molecular variance within and among accessions of watermelons revealed that only 39% of the total variation resided between these two groups (cow-melons and sweet watermelons), 24% between accession within groups and 37% within accessions. The overall G ST for between accession differentiation was 0.67 and Φ ST AMOVA of 0.63. Calculations carried out separately for differentiation among cow melon and among sweet watermelon accessions, respectively, produced almost similar values (G ST = 0.55 and Φ ST = 0.54) for the cow melon and for the sweet watermelon (G ST = 0.44 and Φ ST = 0.41). Both the G ST and AMOVA Φ ST estimates were much higher compared to those reported by [1] . According to [34] , the interpretation of G ST and Φ ST as measures of differentiation may produce nonsensical results when diversity is high.
The grouping of these accessions that were collected from different parts of Zimbabwe as reflected by cluster analysis and principal coordinate analysis shows how farmers exchange their seeds under informal seed exchanges and farmers practices. Farmers like to share their seeds with other neighbouring farmers, in-laws in different villages or province and exchange during seed fairs and sometimes give their daughter some seeds during marriage time. This way the water melons or cow melons are often grown in the more marginal area were they adapt to the agro-ecological conditions without difficulties. The grouping of these accessions together is also indicative of the fact that the sweet water melons or cow melons have reached to different parts of Zimbabwe through seed exchange by farmers. The local seed sources or farmers' local landrace seeds have advantage in that they adapt to agro-ecological conditions of a given area. Previous studies also highlighted the separate groupings between cow-melons and sweet watermelons [1] [3] [35] [36] .
The Sub-cluster A (II) ( Table 2 , Figure 1 and Figure 2) shows that famers are always selecting for better cow melon seeds to mitigate against the effects of climate change. These turn to affect the characteristics of these accessions since the plants are open-pollinated and there is rarely an isolation distance practiced on-farm [1] . Because of this, introgression between sweet water melons and cow melons is enhanced resulting in sub cluster A (II) which looks like a hybridogenous cluster. The fact that the areas in which the accessions making the hybridogenous group share boundaries, but being distantly separated from those from Sub-cluster A (1) postulate to a possible formation of an isolated evolutionary unit. Although [35] highlighted the possible existence of a niche for development of a hybridogenous form, this study seems to provide an elaborate evidence for its existence.
Conclusion
In the study an attempt was made to examine the extent of genetic variation present in the commonly cultivated sweet watermelon and cow melon genotypes as well as their precise identification through efficiency of polymorphic SSR primers. The study revealed high genetic differentiation among all the watermelon accessions under study. Furthermore, the Zimbabwean watermelon genetic resources are highly represented by the major two forms, the cow-melons and the sweet watermelons, while showing a possible existence of the hybridogenous watermelon type. The hybridogenous form is made from accessions previously classified as cow melon accessions, but which are developing into an isolated evolutionary unit. This study could therefore be useful in breeding programmes and for broadening the genetic basis of watermelons.
